PURPOSE. To define the phenotype and location of antigen-presenting cells (APCs) in normal donor human corneas, and to assess the response of APC to herpes simplex virus type 1 (HSV-1) infection.
M aintaining corneal clarity is essential for unaltered vision. Inflammation, reflecting both innate and adaptive immunity, is a major antagonist of tissue clarity, but also an essential component of tissue protection and eradication of infection. Both innate and adaptive immune responses are initiated by antigen presenting cells (APCs). Dendritic cells (DCs) and macrophages can serve as potent APCs but can also inhibit adaptive immunity. 1 Until recently, maintenance of corneal clarity was thought to be attributable, at least in part, to a lack of resident APCs capable of initiating inflammatory responses. However, evidence has emerged demonstrating a unique stratification of APCs within the normal murine cornea. 2 
CD11c
þ DCs are found in the basal layer of the murine corneal epithelium, with a subpopulation expressing the CD207 þ Langerhans cell (LC) marker, and many expressing major histocompatibility complex (MHC) class II. [2] [3] [4] [5] CD11c-expressing cells, [5] [6] [7] as well as a population of monocyte-derived cells, 2, 8 also reside in the corneal stroma. MHC class II-expressing cells were identified in the human corneal basal epithelium and stroma nearly three decades ago. [9] [10] [11] These cells have traditionally been referred to as either DCs or LCs, given their dendritic morphology; however, relatively few studies have investigated the phenotype of corneal APC. More recently, Yamagami et al. have identified CD11c þ myeloid-derived DCs within the human basal epithelium 12 and CD11c þ CD11b þ CD14 þ bone marrow-derived cells throughout the peripheral stroma and within the anterior central stroma. 13 A separate study identified Langerin þ CD1a þ LCs in the peripheral epithelium and anterior stroma. 14 While the function of corneal APCs remains incompletely understood, fully defining the APC populations and their locations in normal human corneas is an essential first step in understanding how these cells might contribute to immune protection and immunopathology.
MATERIALS AND METHODS

Human Corneal Tissue
Approval from the University of Pittsburgh Committee for Oversight of Research and Clinical Training Involving Decedents was obtained. Whole human donor corneas were obtained from the Center for Organ Recovery and Education in organ culture chambers containing storage medium (Optisol GS; Bausch & Lomb, Inc., Rochester, NY) and donor corneoscleral rims were obtained after corneal transplant surgery in their original organ culture chambers containing storage medium. Corneas from 10 donors were analyzed by confocal microscopy. An additional three donors were included for flow cytometric analysis. Three additional donors were used for HSV infection experiments. 
Preparation of Tissue for Fluorescence Immunohistochemistry
The corneal tissue was fixed upon receipt, cut into small pie pieces, and stained in a similar manner to that previously described for murine corneas. 
Confocal Microscopy
Images were acquired by sequential scanning to avoid fluorescence crossover on a confocal microscope (Olympus FluoView 31000; Olympus Corporation of the Americas, Center Valley, PA). Z stacks were acquired at Nyquist sampling frequency. All image reconstructions were made using microscope automation and image analysis software (MetaMorph version 7.5.4.0; Molecular Devices, Sunnyvale, CA). The number of APCs were manually counted using microscope automation and image analysis software (Molecular Devices) in random 320 or 340 fields of the central, paracentral, and peripheral regions of the cornea as previously defined. 14 For consistency, the number of cells was counted in the anterior 31 lm of stroma in each sample.
Flow Cytometry
Flow cytometry was performed in a similar manner to that previously described for murine corneas. 15 Briefly, human corneal tissue was dissected and incubated for 2 hours in collagenase blend type L (Sigma-Aldrich, St. Louis, MO) at a concentration of 10 mg/mL followed by trituration with a micropipette. The fluorochrome-conjugated antibodies used to stain the single cell suspension are listed above. Data were collected on a cytometer and analyzed by laboratory software (FACSAria and FACSDiva; BD Biosciences, San Jose, CA).
HSV-1 Infection of Human Corneal Tissue Ex Vivo
The peripheral cornea of corneoscleral rims obtained after corneal transplant surgery was abraded with a 30-gauge needle and 1 3 10 5 plaque forming units of a transgenic HSV-1 that expresses enhanced green fluorescent protein (EGFP) from the viral ICP0 promoter (pICP0-EGFP HSV-1) 16 was applied to the scarified area. The tissue was incubated for 1 hour at 378C, extensively washed, and further cultured for various times (time points of 4, 8, and 16 hours were used), at which point the tissue was fixed, stained, and imaged as above.
Statistical Analysis
ANOVA with Bonferroni posttest was performed using graphing software (GraphPad Prism; GraphPad Software, Inc., La Jolla, CA). P values < 0.05 were considered significant. 
RESULTS
Dendritiform CD45 þ bone marrow-derived cells were observed in the basal layer of the human corneal epithelium extending cellular process toward the ocular surface (Figs. 1A, 1C) . A population of CD45 þ cells was also seen in the anterior stroma (Figs. 1B, 1C) . Compared with the CD45 þ cells in the basal epithelium, those in the anterior stroma appeared rounder and flatter and lacked the extensive dendritic processes.
Flow cytometric analysis of dispersed corneal cells revealed that approximately a quarter of the CD45 þ cells were CD11c þ dendritic cells, and the majority of DCs expressed MHC class II (Figs. 2A, 2B ). Confocal microscopic analysis showed that DCs were situated in the basal aspect of the epithelium as well as in the peripheral anterior stroma (Fig. 2C) . Langerin (CD207 þ ) cells, likely representing LCs, were essentially confined to the basal epithelium of the peripheral cornea (Figs. 2D, 2E, 3) , while CD68 þ macrophages were identified mostly within the anterior stroma (Fig. 2D) . A substantial portion of the CD45 þ cells expressed MHC class II (HLA-DR) on at least a portion of their dendrites (Fig. 2F ). There was a trend toward decreased density of CD45 þ , CD207 þ , and HLA-DR þ cells from peripheral to central epithelium (Fig. 3A) . The densities of CD45 þ and HLA-DR þ cells were relatively constant from peripheral to central anterior stroma (Fig. 3B) . In the anterior stroma, very few LCs were identified peripherally and none centrally.
In an ex vivo corneal tissue HSV-1 infection model, EGFP expression was seen in epithelial cells in the areas of scarification 4 to 8 hours following infection with pICP0-EGFP HSV-1. By 16 hours postinfection, HLA-DR þ APC were heavily aggregated in areas of HSV-1 infection, and a small proportion of HLA-DR þ cells expressed EGFP, indicating direct infection of APCs by HSV-1 (Fig. 4A) . Control tissue that was not scarified or infected revealed intact corneal epithelium and a relatively even distribution of APCs (Fig. 4B) .
DISCUSSION
Defining the local APC population within the cornea is important for understanding how immune responses are initiated at the ocular surface in response to trauma, infection, or transplantation. Here, we demonstrate a unique stratification of APCs within the normal human cornea with DCs and LCs situated predominantly in the basal epithelium and macrophages in the anterior stroma. These findings are strikingly similar to the distribution of APCs previously described in mice, confirming the relevance of the murine model for study of corneal APCs. Furthermore, these results support and extend the findings of previous studies utilizing epithelial sheets or frozen sections of human corneas for assessment of bone marrow-derived cells.
12,14,17 FIGURE 3. Density of APCs within the normal human cornea. Single plane images were created from stacks acquired with a 320 or 340 objective through the entire epithelium or the anterior 31 lm of stroma using microscope automation and image analysis software (Molecular Devices). The indicated cell types were manually counted with image analysis software (Molecular Devices). Plots of the density of CD45 þ (left), CD207 þ (middle), and HLA-DR þ (right) in the central (3-mm diameter); paracentral (2-mm ring around central); and peripheral (beyond paracentral to limbus) regions of the human corneal epithelium (A) and the anterior 31 lm of stroma (B). Values were zero where no bars are seen. P values calculated by ANOVA using graphing software (GraphPad Software, Inc.; n ¼ 5-8 corneas per group). Posttest analysis did not reveal significant differences between any two groups for CD45 in the epithelium. reconstructions in the xz plane (below the corresponding image in xy) were made using microscope automation and image analysis software In vivo confocal microscopy (IVCM) has become an increasingly utilized clinical tool to evaluate the ocular surface. [18] [19] [20] [21] While this technology provides excellent morphologic analysis of corneal cells, phenotypic information is lacking. Often cells that have a dendritic appearance on IVCM are labeled as DCs or LCs without phenotypic analysis. Our study confirms that DCs and LCs indeed reside in the human corneal basal epithelium and anterior stroma and are likely the source of cells seen on IVCM.
Our study is limited by the range of donor ages and lengths of time the tissue was stored in media (Bausch & Lomb, Inc.) prior to fixation, both external factors that could not be controlled. The range of patient ages in our study is similar to that reported in a previous study investigating human corneal APCs, 17 and no correlation was found between patient age and APC density (data not shown). A previous report demonstrated a reduction in the density of human corneal APCs over time while tissue was stored in media (Bausch & Lomb, Inc.) at 318C, with the largest decline occurring between 3 and 7 days. 22 In our study, all samples were fixed within 2 days of storage, and all tissue was kept at 48C at all times until fixation in an attempt to minimize any decline in APC density.
The function of corneal APCs remains an area of active investigation. In a murine model of HSV-1 corneal infection, it was recently shown that corneal resident or early responding blood-derived DCs react rapidly to HSV-1 infection and are required to attract natural killer cells and inflammatory monocytes to the site of viral infection within the cornea. 15 In the current study utilizing ex vivo cultures of isolated human corneal tissue, corneal resident MHC class II þ APCs migrated to the site of epithelial trauma and HSV-1 infection within 8 to 16 hours of HSV-1 infection. This finding demonstrates that corneal resident APCs are capable of rapidly recognizing and mobilizing to corneal trauma and HSV-1 infection. It is possible that scarification alone may have caused APC migration. While infrequent, some APCs were directly infected by HSV-1 as evidenced by viral gene expression within these cells. Whether HSV-1-infected APCs are capable of transit to draining lymph nodes for priming of the adaptive immune response or if they are retained within the cornea for restimulation of infiltrating T cells requires further investigation.
Until recently, corneal immune privilege was attributed in part to a lack of functional APCs within the cornea. Several studies in mice have now shown distinct subsets of APC that are stratified throughout the naïve cornea.
2-7 The current study demonstrates a similar stratification of APCs in normal human donor corneas confirming the relevance of the murine model for investigation of corneal APCs. Furthermore, using an ex vivo HSV-1 infection model of corneal tissue, we demonstrate that APCs resident within the cornea are capable of mobilizing to the site of scarification and viral infection. These findings provide the basis for future studies investigating how corneal APCs contribute to immune protection and immunopathology.
